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Abstract 
Due to the cost advantage, weld-based Additive Manufacturing (AM) is suitable for directly fabricating large metallic parts. One of 
challenges for weld-based Additive Manufacturing is to build overhanging structure or tilt structure at a large slant angle, because 
liquid metal on the boundary would flow down by gravity due to lack of sufficient support. In the present work, electromagnetically 
confined weld-based Additive Manufacturing is developed to solve this problem. In the process, liquid metal is confined and semi-
levitated by the Lorentz force exerted by magnetic field and thus the flow of liquid metal is restricted. Experiments and numerical 
simulations are performed to investigate the effect mechanism of electromagnetic confinement. Experimental results verify that the 
flow-down or collapse of liquid metal is impeded by electromagnetic confinement. With specific welding parameters, the maximum 
tilt angle of successful building increases from 50° to 60° when imposing electromagnetic confinement. 
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1. Introduction 
Various additive manufacturing (AM) metallic 
technologies have been proposed for manufacturing 
prototypes, tools and functional end products [1]. The 
attractiveness of AM includes reducing lead time by 
eliminating several intermediate steps, and the capability 
to fabricate arbitrary complex geometries directly from 
computer data without the need for jigs, fixtures or 
mould tools. AM has become an indispensable part of 
rapid development of products, not just an alternative to 
subtractive machining in industrial applications.   
At present, it is economically impractical to directly 
fabricate large-size parts using laser-based AM process. 
However, weld-based AM is suitable for directly 
fabricating large-sized complex shaped metallic 
components, which are widely used in pressure vessel, 
aircraft and shipbuilding industries. Expenditures on 
large dies and intermediate treatments could be saved 
using weld-based AM technology. Due to large coverage 
area of arc heat input, high cladding rate results in higher 
production efficiency than laser-based AM. Available 
thickness of a single-pass weld deposited structure is up 
to 50 mm [2]. Welding wire employed as consumable is 
more economical material than metallic powder. To 
summarize, high production rate, low equipment 
investment along with cheap raw material lead to its 
distinguished feature of low cost. Furthermore, as 
demonstrated by many studies [3], weld-based AM has 
the capability to fabricate fully dense metal part directly 
from CAD models with mechanical properties 
approaching and in some cases exceeding the properties 
found in conventionally processed wrought structure. 
With respect to comparatively low surface quality, 
combined milling can be implemented to fulfill the 
requirement of near-net shape accuracy for end use [4].  
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In weld-based AM, continuous supply of metallic 
material is fed into a melt pool created by plasma arc to 
deposit consecutive layers additively. Generally it is 
difficult to build overhanging structure or tilt structure at 
a large slant angle as shown in Fig.1(a), for molten metal 
on the boundary would flow down or collapse by gravity 
due to lack of sufficient support. A solution adopted by 
some AM technologies is to deposit sacrificial support 
structures as shown in Fig.1 (b). The sacrificial support 
structure is removed in a subsequent post-processing 
stage. Deposition of the sacrificial support material leads 
to the increase of building time and necessitates time-
consuming post-processing [5]. Another solution is the 
multi-direction slicing and building as shown in Fig.1(c). 
Since the building direction is changeable, prospective 
overhanging structures in original single-direction 
building no longer exist in multi-direction building [6]. 
The application of multi-direction building in weld-
based AM of large component results in high 
expenditure on equipment, as conventional 5 axis NC 
machine haven’t enough strength to rotate the heavy 
deposited part.  
To provide novel solution, high frequency alternating 
magnetic field generated by energized coil is used in 
weld-based AM process to yield confinement on melt 
pool in the study. Alternating magnetic field imposed 
upon electrically conducting liquid induces eddy 
currents within the metal that tend to shield the interior 
of the liquid from the field. The interaction between the 
eddy currents and the applied magnetic field produces an 
electromagnetic force, called the Lorentz force, which is 
employed to confine and shape liquid metal [7]. Besides, 
the eddy currents produce Joule heat in the metal, which 
may contribute to the melting of metal.  
In the present paper, electromagnetically confined weld-
based AM is experimentally and numerically 
investigated. The distributions of magnetic field and 
Lorenz force at the surface of melt pool are determined 
by a 3D thermo-electromagnetic coupled FEM analysis.   
Experiment results verify that the flow-down and 
collapse of liquid metal have been impeded and metallic 
parts can be deposited along larger tilt angle under 
electromagnetic confinement.  
 
 
Fig. 1. (a) Tilt and overhanging structure; (b) Sacrificial support; (c) 
Multi-direction building 
 
2. Experimental work 
The deposition of metallic material by gas metal arc 
welding (GMAW) is controlled by NC machine. Not 
only the location, orientation and movement of welding 
torch but also welding parameters can be controlled.  
In the experiment, single-pass multi-layer thin-wall 
metallic structure is deposited. As shown in Fig.2, parts 
are fabricated on the side edge of base plates along a tilt 
angle Φ. The  base  plates, 150×100×20  mm  size,     are 
carbon steel containing 0.45 wt% carbon. Welding gun 
is set perpendicular to weld bead plane and parallel to 
the large face of base plate in order to reduce the arc 
impact force on the melt pool. 
AWS ER70S-6 steel wire of 0.8mm diameter with 
typical compositions of C(0.08%), Mn(1.52%), 
Si(0.91%), P(0.02%), S(0.015%)and Cu(0.2%) is 
employed as the welding consumables. The shielding 
gas composition is pure Ar. The influence of the welding 
parameters on the formability of weld bead is 
preliminarily investigated in trial tests. Base on the 
standard for formability: no hump bead and low spatter 
coefficient, the optimized welding parameters are 
employed in the experiment, as shown in Table 1.  
Alternating magnetic field is generated by an induction 
coil energized by high frequency power source.  The 
induction coil is made of 6mm diameter copper tube and 
cooled by flowing water. The technical parameters of 
power source are shown in Table 2.  
 
Fig. 2. Experimental setup 
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Table 1. Welding process parameters used in the work 
Arc  
Voltage 
(V) 
Welding  
Current 
(A) 
Welding 
Speed 
(mm/min) 
Wire 
Feeding 
(m/min) 
Gas 
Flowrate 
(L/Min) 
29.2 90 570 3.6 20 
Table 2.Technical parameters of power source 
Frequency 
(KHz) 
Output 
Power(KW) 
Output 
Current(A) 
Coil 
radius(mm) 
50-250 3-20 0-1000 30 
 
3. Result and Discussion 
3.1. The maximum tilt angle of successful building 
In order to study the effect of electromagnetic 
confinement on melt pool, two groups of experimental 
depositions are performed under magnetic condition and 
non-magnetic condition respectively for comparison. 
Identical welding parameters, as shown in Table.1, are 
used in both group in case different welding heat input 
leads to different flowability of melt pool. For the first 
deposition of each group, a small tilt angle is initially 
used. If the metallic part is successfully built for at least 
10 layers without hump bead or collapse, increase the tilt 
angle by 5 degree and proceed to the next deposition, 
otherwise stop the deposition and record the maximum 
tilt angle of successful building in this group.  
The morphologies of weld beads at the tilt angles of 
50°, 55°, 60°, 65°, respectively under magnetic 
condition and non-magnetic condition are shown in 
Fig.3. Flow-down occurs at the tilt angle =55° under 
non-magnetic condition and =65° under magnetic 
condition. Thus the maximum tilt angles of successful 
building under nonmagnetic and magnetic condition are 
50° and 60°, respectively. It can be deduced from Fig.2 
that follow-down and collapse are more prone to occur 
when the tilt angle increase, thus successful building 
becomes more difficult. The successful deposition along 
larger tilt angle under electromagnetic confinement 
illustrates that the weld formation has been improved by 
the imposed magnetic field, and the flow of melt pool 
has been effectively confined by magnetic field.  
3.2. The effect mechanism of electromagnetic 
confinement on liquid metal 
According to electromagnetic theory, the Lorentz 
force exerted on eddy current can be written as: 
                                                      
 
Fig.3. The morphologies of weld beads at different tilt angles 
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The first term on the right is rotational force utilized 
for stirring in welding process. Electromagnetic stirring 
of liquid metal refines microstructure and reduces 
residual stress. The second part is the gradient of 
magnetic pressure, which is used to shape and confine 
the liquid metal. The magnetic pressure can be expressed 
as [8]: 
2
21
2 2m
BT Hμ
μ
= =
                         
In the electromagnetically confined Weld-based AM 
process, the profile of melt pool is determined by the 
total normal stress at each point on the surface, which is 
made up of contributions from gravity, surface tension, 
magnetic pressure and internal pressure. Gravitational 
stress Tg at the surface always acts on the surface in the 
vertical direction. Surface tension Ts can contribute 
either positively or negatively to the surface normal. 
Magnetic stress always acts to compress the liquid 
metal, in the direction opposite to the surface normal [9].  
The stress balance equation at each point along the 
surface of the liquid metal is  
0s m gp T T TΔ ± + − =                     (4) 
(3)
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Where pΔ refers to the pressure jump, air liquidp p− , at 
the surface interface. The value of pΔ  is relevant to the 
arc impact and internal flow of liquid metal which 
depends on the welding parameters. Since the welding 
gun is always perpendicular to weld bead plane, pΔ is 
assumed to have little connection with the tilt angle of 
building direction.  
Surface tension is always try to keep the balance and 
resistant to the flowing. Assessing the overall effect of 
magnetic stress on the flow of melt pool requires the 
determination of the magnetic field distribution over the 
entire surface of melt pool.  
A thermo-electromagnetic bidirectional coupled 
analysis has been carried out using ANSYS multi-field 
solver. In simulation procedure as demonstrated by 
Fig.4, electromagnetic analysis is performed based on 
the temperature field calculated by thermal analysis, 
whereas the induction heat generation is an extra load of 
thermal analysis.  
 
 
 Fig.4. The flowchart of the couple field analysis 
Both temperature dependences of thermal and 
electromagnetic properties of steel are considered for 
accurate calculation of distribution of magnetic field and 
Lorenz force in melt pool.  Geometrical dimensions, 
operating parameters for welding and electromagnetic 
system applied in simulation are consistent with those 
applied in experiment. Since temperature history is not 
the major concern of this work, only weld-based 
deposition of the top layer is simulated in thermal 
analysis to save calculation cost. The double ellipsoid 
heat source model [10] is applied as the arc heat source 
model of weld-based AM. A combined heat transfer 
coefficient is used to consider the heat diffusion by 
radiation and convection [11]. Detailed model and 
simulation procedure can be found in literatures relevant 
to GMAW simulation [12-13]. Temperature field first 
transferred from thermal solution to electromagnetic 
analysis along with FEM elements is shown in Fig.5.  
 
 
Fig.5. Temperature field transferred to electromagnetic analysis 
 
In electromagnetic analysis, solenoid coil is modeled 
in a simplified form of cylindrical shell conductor.  
Fig.6(a) presents the distribution of magnetic flux 
density on the section through coil axis and 
perpendicular to travel direction of weld gun. Fig.6(b) 
illustrates the Joule heat distribution. The asymmetry of 
temperature distribution leads to variation of 
electromagnetic properties and asymmetrical distribution 
of Joule heat. The results of electromagnetic analysis 
prove that the magnetic field on the surface of liquid 
metal near the coil is stronger than that far from the coil. 
Correspondingly the magnetic pressure on the bottom 
face is greater, which is the cause of repulsive 
electromagnetic force on melt pool.  
It is generally acceptable to consider that the nodes at 
temperature higher than melt point lie in the melt pool 
region, thus the total electromagnetic force on melt pool 
could be calculated by summing up Lorentz forces in 
melt pool region. A rough shape of melt pool presented 
by further treatments of thermal results is shown in 
Fig.7. The x, y, z components of the total force are 3.9, 
12.5, -21.2 mN respectively. 
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Fig.6. (a) Distribution of magnetic flux density; (b) Distribution of 
Joule heat 
 
Fig.7. Melt pool shape and overall electromagnetic force 
 
The calculation manifests that the effect of 
electromagnetic force on melt pool is repulsive, prone to 
force liquid metal move along the direction at which the 
magnetic field is getting weak. As long as the coil is 
appropriately mounted in space, melt pool could be kept 
in confinement, thereby curbing the follow-down 
tendency. This is also qualitatively proved by 
experimental result. In experiment the coil is mounted 
below the melt pool, the effect of electromagnetic force 
is oriented opposite the direction of gravity. The melt 
pool is confined and semi-levitated so that metallic parts 
can be successfully deposited along larger tilt angle 
under electromagnetic confinement.  
 
4. Conclusion 
Electromagnetic confinement has been implemented on 
melt pool to solve the “flow-down” problem when 
fabricating tilt and overhanging structure in weld-based 
AM. With reduced flowability of melt pool, the 
formability of weld bead has been improved. The 
maximum tilt angle of successful building increases 
from 50° to 60° when electromagnetic confinement is 
imposed. Experimental and numerical results reveal the 
effect mechanism of electromagnetic confinement. 
Calculation of electromagnetic force on melt pool 
indicates that melt pool could be electromagnetically 
confined with appropriately mounted coil.   
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